Abstract: Conflicts between water supply and water demand are intensifying in irrigation districts along the Lower Yellow River due to climate change and human activities. To ensure both adequate food supply and water resource sustainability in China, the Soil and Water Assessment Tool (SWAT) model was used to simulate the water balance and water use of agro-ecosystems in an irrigation district of the lower Yellow River Basin, China. Simulated average annual irrigation requirements decreased from 1969 to 2010. Irrigation requirements during the winter wheat season decreased owing to reduced reference evapotranspiration and increased precipitation. Annual evapotranspiration (ET) increased with increasing irrigation volume, and differences among irrigation scenarios were mainly due to ET of winter wheat. Water deficit typically occurred during winter wheat seasons with less precipitation. Field seepage and surface runoff tended to occur in years with high precipitation, particularly during the summer maize season under full irrigation and scheduled irrigation scenarios. Frequent and heavy irrigation did not always lead to high water use efficiency. To cope with limited water resources in this region, it is necessary to properly irrigate crops based on soil water content and take full advantage of precipitation and surface runoff during the summer maize season.
Introduction
Irrigation districts along the lower reaches of the Yellow River are primary grain production regions in China. In 2000, total grain production in the lower Yellow River Basin was 3.583 × 10 7 t, which accounted for about 7.8% of China's total grain production. Water from the Yellow River is a main source for irrigation in the lower Yellow River Basin. However, under the influence of climate change and human activities, irrigation districts are facing serious shortages in the amount of water available from the Yellow River, further intensifying conflicts between water supply and water demand. Thus, understanding the water cycle and water use in this important agricultural ecosystem is critical for ensuring adequate food supply and water resource sustainability in China.
Materials and Methods

The Study Area
A field experiment was conducted at YCES (36°56′ N, 116°36′ E) of the Chinese Academy of Sciences in Yucheng City, Shandong Province, China. YCES is located in the Panzhuang Irrigation District in the fluvial plain of the Yellow River, Hai River, and Huai River, known as the Huang (Yellow)-Huai-Hai Plain (Figure 1 ). The mean annual precipitation is about 600 mm, ranging from 238 mm to 1142 mm, and about 70% of the precipitation falls during June to September. The annual mean temperature is 13.5 °C, ranging from 12.1 °C to 15.3 °C. The maximum monthly temperature is 27.0 °C, occurring in July, and the minimum is −2.2 °C, occurring in January. 
Materials and Methods
The Study Area
A field experiment was conducted at YCES (36°56′ N, 116°36′ E) of the Chinese Academy of Sciences in Yucheng City, Shandong Province, China. YCES is located in the Panzhuang Irrigation District in the fluvial plain of the Yellow River, Hai River, and Huai River, known as the Huang (Yellow)-Huai-Hai Plain (Figure 1 ). The mean annual precipitation is about 600 mm, ranging from 238 mm to 1142 mm, and about 70% of the precipitation falls during June to September. The annual mean temperature is 13.5 °C, ranging from 12.1 °C to 15.3 °C. The maximum monthly temperature is 27.0 °C, occurring in July, and the minimum is −2.2 °C, occurring in January. Both experiments included eight treatments, each with four replicates (Tables 1 and 2) . Precipitation during the winter wheat growing season typically does not satisfy the water requirements of winter wheat. Therefore, to reflect the water consumption of winter wheat under different water supply levels, the eight treatments were set as combinations of four water supply levels: no irrigation (A1-A4, C1-C4), 40% of field capacity (FC) (A5-A8, C5-C8), 60% FC (B1-B4, D1-D4), and 80% FC (B5-B8, D5-D8), and two planting densities: normal density (ND) (A1-A8, B1-B8) and 25% ND (C1-C8, D1-D8). During the summer maize growing season, precipitation can meet the water demand of summer maize, except during drought years, but different planting densities largely impact summer maize water consumption. Thus, the eight treatments were set as combinations of four planting densities: 150% ND (A1-A8), 133% ND (B1-B8), 117% ND (C1-C8), and ND (D1-D8), and two water supply levels: no irrigation (A1-A4, B1-B4, C1-C4, D1-D4) and 60% FC (A5-A8, B5-B8, C5-C8, D5-D8). As an example, 60% FC means when the soil water storage in the top 60 cm soil layer was less than 60% of FC, irrigation was applied to fill the 60 cm soil layer to field capacity. Soil water content was measured from the surface to a depth of 1.5-2.0 m at 0.1 m increments once a week with neutron probe access tubes. According to the measured soil water content, each plot was irrigated based on its assigned irrigation treatment. Crop growth observations including LAI and biomass were observed once a week, and yield was measured at harvest. Daily crop ET was measured with a weighing lysimeter.
Data Preparation
Weather
Weather data used in this study were acquired from a meteorological station in Yucheng, where YCES is located. The daily meteorological datasets from 1961 to 2010 included maximum and minimum temperature ( • C), wind speed at 10.0 m (m·s −1 ), relative humidity (%), precipitation (mm), and sunshine hours (h). The Penman-Monteith formula embedded in the SWAT2000 model was used to estimate daily ET.
The quality of meteorological data was examined and no apparent errors were found. Missing daily data accounted for about 1.65% of each meteorological parameter's total data. In our simulations, these missing data were generated with the WXGEN weather generator model included in the SWAT2000 model. 
Crop Parameters
The winter wheat growing season is approximately 240 days, and the summer maize growing season is approximately 102 days. Winter wheat is usually planted in early or middle October and harvested in early June of the following year; summer maize is usually planted in early or middle June and harvested in early October. Initial values of some important shape coefficients for LAI curves such as BLAI (maximum potential leaf area index), FRGRW1 (fraction of the plant growing season or fraction of total potential heat units corresponding to the 1st point on the optimal leaf area development curve), LAIMX1 (fraction of the maximum leaf area index corresponding to the first point on the optimal leaf area development curve), FRGRW2 (fraction of the plant growing season or fraction of total potential heat units corresponding to the second point on the optimal leaf area development curve), LAIMX2 (fraction of the maximum leaf area index corresponding to the second point on the optimal leaf area development curve), and DLAI (fraction of growing season when leaf area declines) were obtained from the default crop database in SWAT2000 [4] . Observational data for LAI and biomass of crops in YCES were used to refine the LAI shape coefficients. LAI parameters for winter wheat and summer maize in the simulation were derived from Luo et al. [5] and Liu et al. [6] , respectively (Table 3) . 
Soil Data
The soil texture was mainly silt loam, and relevant soil parameters, such as bulk density, soil available water content, saturated hydraulic conductivity, organic carbon content, clay content, silt content, and sand content for each soil layer were taken from Luo et al. [5] (Table 4) . Table 4 . Soil parameters used in the simulation [5] . 
Depth
SWAT Model Configuration
A modified SWAT2000 model (parameterized by Liu et al. [6] ) was employed to simulate the water balance of a winter wheat-summer maize cropping system at the field scale based on 32 experimental plots in YCES. Plots with the same planting density of summer maize were considered as virtual subbasins, leading to four subbasins in total. Plots in each subbasin were considered as hydrological response units (HRUs), and each subbasin had eight HRUs. For SWAT2000 simulations, separate management files were written for each HRU or group of HRUs with the same operation practices.
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Model Limitations in Simulating Crop Growth
The parameters used to calibrate and validate SWAT included soil water, LAI, biomass, and crop ET. All of these parameters were adopted from Luo et al. [5] and Liu et al. [6] . However, due to the data availability, the model parameters used have not been validated with a series of independent data. According to the above two studies, these parameters were calibrated and validated during winter wheat and summer maize seasons with observed crop LAI and biomass, soil water storage in the upper 60 cm, and crop ET at YCES. These two studies reported strong performance of SWAT2000 simulations of LAI, biomass, and soil water moisture during different crop growing seasons.
Luo et al. [5] reported that SWAT2000 performed well in LAI, biomass, and soil water moisture simulations during the winter wheat season. However, LAI during the senescence stage was overestimated because it was modeled without considering water stress. Moreover, crop yield was overestimated due to improper computation of the harvest index and soil water storage was underestimated under dry conditions due to the exclusion of groundwater evaporation from the soil water balance in SWAT.
Liu et al. [6] showed that SWAT2000 performed well in simulating LAI and biomass of summer maize without showing the simulation inadequacies. However, SWAT2000 cannot accurately simulate summer maize leaf development during leaf senescence. In the SWAT growth module, the development of LAI is affected by plant heat units (PHU) and is assumed to be unrelated to environmental factors such as water, temperature, nitrogen, and phosphorus. In reality, environmental factors can influence both leaf growth and leaf senescence [23] , as senescence of maize leaves is a complex process regulated by both internal and external factors, such as N uptake and light [24] . SWAT's failure to consider the effects of water stress on leaf growth after maximum LAI may lead to unsatisfactory prediction of winter wheat LAI after senescence [5] . Water stress did not have a strong impact on summer maize growth, as soil water was sufficient during senescence in 2004 and 2005. However, summer maize growth during senescence may still be affected by several factors such as temperature, light, N, and P, and inadequate consideration of these factors in the SWAT model may result in unsatisfactory simulations.
When applied to our field experiments, SWAT2000 underestimated summer maize yield and Liu et al. [6] [25] [26] [27] . As nutrient supply, sowing time, and meteorological conditions were the same during the summer maize experiment, planting density may be the main factor causing variation in observed yield among the different treatments. Inadequate representation of planting density in the SWAT model may have resulted in inaccurate yield simulation. Poor agreement between simulated and observed maize yield may also be a result of the EPIC model for crop yield, which has shown poor results in previous yield predictions [5] . Environmental conditions can cause large inter-annual variation in summer maize growth, and a variety of environmental factors influence phenological development and relevant growth processes (e.g., temperature). Base or minimum temperature (T min ), optimum temperature (T opt ) and maximum (Table 6 ). (Table 6 ). 
Scenario Simulations
Three scenarios were designed to investigate how irrigation regimes and climatic variability influence the water cycle and water use of a winter wheat-summer maize cropping system from 1961 to 2010.
Scenario 1: Full irrigation (i.e., automatic irrigation in the SWAT2000 model). Crops are irrigated as soon as soil water stress is experienced. Optimal yield occurs once the soil water content reaches 80% FC, and yield will decline if the soil water content exceeds 80% FC [31] . Thus, the soil water stress threshold is defined as 80% FC [32] [33] [34] . In this study, we assumed that winter wheat and summer maize were irrigated automatically when the soil water content in the top 60 cm of soil was less than 80% FC.
Scenario 2: Scheduled irrigation. According to amount of water applied in Scenario 1 and the frequency of water stress under no irrigation, the irrigation level for winter wheat was about 60 mm per irrigation event. Farmers usually water winter wheat from the jointing to milking stage. Field studies have reported irrigation levels ranging from 60 to 105 mm per event [35] [36] [37] . Thus, winter wheat was irrigated (60 mm) three times: 15 March, 15 April, and 15 May.
Non-irrigated summer maize experienced serious water stress twice as often as irrigated crops (with 60 mm of water per application). Depending on rainfall, summer maize typically is irrigated 1 to 2 times per growing season and may even receive no irrigation in wetter years. Previous field studies have reported summer maize irrigation levels ranging from 45 to 105 mm per event [36] [37] [38] . Therefore, in this scenario, summer maize was irrigated once with 45 mm of water on 12 June. Scenario 3: No irrigation for all crops in the study area. A Mann-Kendall test [39, 40] was conducted to analyze trends in climatic series and hydrological variables under different irrigation schemes. Sen's slope estimator [41] , β, which is closely related to the Mann-Kendall test, was used to determine the magnitude of trends.
Results
Irrigation
Annual variation in irrigation amount was analyzed from 1969 to 2010 to allow an eight-year acclimation period. A comparison of the amount of water used for irrigation each year under Scenarios 1 and 2 is presented in Figure 5 . In Scenario 1, the average annual total irrigation was 421 mm, ranging from 147 to 638 mm. The amount of water used for irrigation was influenced by crop water demand and precipitation. There was a negative relationship between precipitation and total irrigation (r = −0.65, p < 0.01 under Scenario 1). Precipitation can alleviate crop water stress when it occurs in time; otherwise, supplemental irrigation should be practiced. In 1989, precipitation was only 391 mm (annual precipitation frequency was 90%), and the irrigation amount was 638 mm. In 2009, when annual precipitation was 819 mm (annual precipitation frequency was 10%), the irrigation was 147 mm. In Scenario 2, the average annual irrigation was 225 mm, and this amount remained almost the same each year for predefined irrigation dates and amounts.
The average annual irrigation amount under Scenario 1 significantly decreased from 1969 to 2010 (p < 0.01). According to Sen's slope estimator (β), the magnitude of the trend was 38 mm·decade −1 (Table 7) . During the winter wheat season, irrigation amount decreased significantly with a magnitude of 29.1 mm·decade −1 ; during the summer maize season it decreased with a magnitude of 3.3 mm·decade −1 , but the trend was not significant. Thus, the average annual trend was driven by irrigation reductions during the winter wheat season.
Annual variation in irrigation was large (coefficient of variation CV = 0.28) under Scenario 1. The average annual irrigation amount during the winter wheat season was 307 mm (Figure 6a ), ranging from 174 to 442 mm (CV = 0.22), and precipitation during the winter wheat season (152 mm) could not meet crop water demands. The average annual irrigation amount during the summer maize season was 114 mm (Figure 6b ), ranging from 0 to 253 mm (CV = 0.67). Variation during the summer maize season was greater than that during the winter wheat season because precipitation during the former (388 mm) met crop water demands most years, except during drought years. Furthermore, the average irrigation amount for winter wheat accounted for 73% of the total annual irrigation amount whereas the percentage for summer maize was only 27%. Therefore, the high CV for annual irrigation under Scenario 1 may largely be due to high annual variation in irrigation during the winter wheat season, though the CV for annual average irrigation amount during the winter wheat season was less than that during the summer maize season. Furthermore, the average irrigation amount for winter wheat accounted for 73% of the total annual irrigation amount whereas the percentage for summer maize was only 27%. Therefore, the high CV for annual irrigation under Scenario 1 may largely be due to high annual variation in irrigation during the winter wheat season, though the CV for annual average irrigation amount during the winter wheat season was less than that during the summer maize season. Furthermore, the average irrigation amount for winter wheat accounted for 73% of the total annual irrigation amount whereas the percentage for summer maize was only 27%. Therefore, the high CV for annual irrigation under Scenario 1 may largely be due to high annual variation in irrigation during the winter wheat season, though the CV for annual average irrigation amount during the winter wheat season was less than that during the summer maize season. 
Evapotranspiration
Different irrigation conditions directly affected ET, and there were notable changes among the different scenarios. ET increased with increasing irrigation level, and the simulated average annual ET was 894, 747, and 550 mm for Scenarios 1, 2, and 3, respectively.
Annual ET rates varied more among scenarios for winter wheat than for summer maize ( Figure 7 ). Compared with the ET of winter wheat and summer maize under Scenario 1, the average ET of winter wheat and summer maize respectively decreased by 20% and 12% under Scenario 2 and by 53% and 24% under Scenario 3. The relative change in ET during the winter wheat season was higher than that during the summer maize season, which may be attributed to the fact that irrigation had greater influence on winter wheat growth during the summer maize season. Annual ET rates varied more among scenarios for winter wheat than for summer maize ( Figure  7) . Compared with the ET of winter wheat and summer maize under Scenario 1, the average ET of winter wheat and summer maize respectively decreased by 20% and 12% under Scenario 2 and by 53% and 24% under Scenario 3. The relative change in ET during the winter wheat season was higher than that during the summer maize season, which may be attributed to the fact that irrigation had greater influence on winter wheat growth during the summer maize season. Annual ET decreased from 1969 to 2010 ( Figure 8 ) with a magnitude of 39, 14, and 7.5 mm•decade −1 under Scenarios 1, 2, and 3, respectively. The trend was significant under Scenario 1 but not under Scenarios 2 and 3. The decrease in ET0 was more pronounced during the winter wheat season compared with the summer maize season (Table 7) . Furthermore, the actual ET of winter wheat was larger than that of summer maize. Thus, the annual ET trend was mainly driven by decreased ET during the winter wheat season. Annual ET decreased from 1969 to 2010 ( Figure 8 ) with a magnitude of 39, 14, and 7.5 mm·decade −1 under Scenarios 1, 2, and 3, respectively. The trend was significant under Scenario 1 but not under Scenarios 2 and 3. The decrease in ET 0 was more pronounced during the winter wheat season compared with the summer maize season (Table 7) . Furthermore, the actual ET of winter wheat was larger than that of summer maize. Thus, the annual ET trend was mainly driven by decreased ET during the winter wheat season.
Annual ET decreased from 1969 to 2010 (Figure 8) with a magnitude of 39, 14, and (Table 7) . Furthermore, the actual ET of winter wheat was larger than that of summer maize. Thus, the annual ET trend was mainly driven by decreased ET during the winter wheat season. The difference between crop potential evapotranspiration (PET) and actual ET was used as an index to estimate the water deficit status of crops. Doorenbos and Pruitt [41] defined PET as the amount of water needed to meet water lost through crop ET under non-restricting soil conditions. ET under Scenario 1, which was very close to PET, was used as an approximate value of PET in this study. Thus, larger differences between PET and ET corresponded to more severe crop water deficit. Under the same meteorological conditions, ET increased and water deficit decreased with increasing irrigation level. The annual average difference between PET and ET was 147 mm for Scenario 2 and 345 mm for Scenario 3. Water deficit during the winter wheat season was more severe than that during the summer maize season. During the winter wheat season, the annual average water deficit was 97 mm under Scenario 2 and 239 mm under Scenario 3; during the summer maize season, the annual average water deficit was 46 mm under Scenario 2 and 98 mm under Scenario 3. The difference between crop potential evapotranspiration (PET) and actual ET was used as an index to estimate the water deficit status of crops. Doorenbos and Pruitt [41] defined PET as the amount of water needed to meet water lost through crop ET under non-restricting soil conditions. ET under Scenario 1, which was very close to PET, was used as an approximate value of PET in this study. Thus, larger differences between PET and ET corresponded to more severe crop water deficit. Under the same meteorological conditions, ET increased and water deficit decreased with increasing irrigation level. The annual average difference between PET and ET was 147 mm for Scenario 2 and 345 mm for Scenario 3. Water deficit during the winter wheat season was more severe than that during the summer maize season. During the winter wheat season, the annual average water deficit was 97 mm under Scenario 2 and 239 mm under Scenario 3; during the summer maize season, the annual average water deficit was 46 mm under Scenario 2 and 98 mm under Scenario 3.
Seepage and Surface Runoff
Figures 9 and 10, respectively, show the annual average variation in seepage and surface runoff from 1969 to 2010 under different scenarios. Field seepage and surface runoff are related to the amount, intensity, and duration of precipitation.
Under Scenario 3, the annual average field seepage was less than 2 mm and seepage only occurred in 2004, 2005, and 2009, though precipitation was higher in other years (e.g., 1973 and 1990). Under Scenario 1, the average field seepage was 65 mm and the maximum value was 266 mm. Compared with Scenario 3, field seepage occurred more frequently and with a larger magnitude under Scenario 1. Under Scenario 2, field seepage was low except during years with high precipitation. Field seepage under Scenario 2, with an average value of 15 mm and a maximum of 148 mm, was larger than that under Scenario 3 due to the influence of irrigation.
Annual mean surface runoff was 23 mm under Scenario 1, 19 mm under Scenario 2 and 7 mm under Scenario 3. Differences in annual surface runoff among the scenarios were mainly driven by variation during the summer maize season.
Field seepage and surface runoff were more frequent during the summer maize season (Figure 7 ) owing to higher precipitation during this time. Field seepage during the summer maize season accounted for over 91% of annual field seepage under Scenarios 1 and 2, and for 90.7% under Scenario 3. Surface runoff during the summer maize season was 21.8 mm, 18.1 mm, and 6.1 mm, accounting for 95.8%, 93.4%, and 87.5% of the total annual surface runoff under Scenarios 1, 2, and 3, respectively. Field seepage and surface runoff occurred more frequently under Scenarios 1 and 2 compared with Scenario 3 due to irrigation and subsequently wetter soil under the same precipitation levels. Field seepage and surface runoff did not occur during the winter wheat season, even with irrigation, because precipitation was lower and the soil was often dry.
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Grain Yield and Water Use Efficiency
Winter wheat and summer maize yields were lower for Scenario 3 than for Scenarios 1 and 2 (Table 8) . Annual average winter wheat yield for Scenario 3 was only 48% of that for Scenario 1 and was 54% of that for Scenario 2. The different irrigation schemes had less effect on summer maize yield. Annual average summer maize yield for Scenario 3 was 81% and 94% of that for Scenarios 1 and 2, respectively. Winter wheat and summer maize yields under Scenario 3 were also unstable compared with those under Scenarios 1 and 2, indicating that timely and proper irrigation is necessary to achieve stable and high crop yield.
Water use efficiency (WUE) in this paper is the same as WPET in the study of Singh et al. [42] , which is expressed in terms of crop grain (or seed) yield per unit of ET. The WUE of winter wheat and summer maize is shown in Table 8 . Annual average WUE of winter wheat ranged from 0.49 to 2.06 kg·m −3 and that of summer maize ranged from 1.06 to 2.12 kg·m −3 . High WUE typically did not occur under full irrigation. The highest average WUE for winter wheat was 1.29 kg·m −3 and occurred under Scenario 2. The highest average WUE for summer maize was 1.61 kg·m −3 and occurred under Scenario 3, possibly as a result of low ET and yield under this scenario. Furthermore, annual variation in WUE of both winter wheat and summer maize was most obvious when no irrigation was used. Therefore, irrigation is an important practice for stable WUE. 
Effects of Meteorological Variables on Irrigation
Atmospheric evaporative demand, which is affected by several meteorological variables, had a large influence on annual variation in irrigation level [5] . The different meteorological variables investigated in this study are shown in Figure 11 . Average annual temperature during the winter wheat and summer maize season was 8.2 • C ± 0.70 • C and 25.2 • C ± 0.69 • C, respectively. Average annual wind speed was 2.0 ± 0.43 m·s −1 during the winter wheat season and 1.7 ± 0.44 m·s −1 during the summer maize season. Average annual relative humidity was 61.5% ± 3.92% during the winter wheat season and 75.5% ± 3.31% during the summer maize season. Average annual sunshine hours was 6.7 ± 0.6 h during winter wheat season and 7.3 ± 0.88 h during the summer maize season. Table 7 shows the results of Mann-Kendall tests and Sen's slope estimators for different meteorological variables from 1969 to 2010. Relative humidity increased from 1969 to 2010 for both seasons; the trend was significant for the winter wheat season but not for the summer maize season. The average temperature during both seasons significantly increased over the study period. As for the wind speed and sunshine hours there was a significantly decreasing trend. Under the influences of these meteorological variables, ET 0 , calculated with the Penman-Montieth equation embedded in SWAT, significantly decreased over the study period.
The Pearson correlation coefficient r was used to evaluate correlations between meteorological variables and ET 0 , and the correlations varied between seasons (Table 9 ). For the winter wheat season, ET 0 was most strongly correlated with wind speed (r = 0.696, p < 0.01), followed by relative humidity (r = −0.585, p < 0.01) and sunshine hours (r = 0.553, p < 0.01). The correlation coefficient between ET 0 and average temperature was −0.261 (p > 0.05), indicating that temperature did not strongly influence ET 0 . This result reflects the 'Evaporation paradox' phenomenon, which was also reported by Zhang et al. [43] and Ma et al. [44] . In general, increasing average temperature and decreasing wind speed and sunshine hours caused ET 0 to decrease at a rate of 45.5 mm·decade −1 (Table 7) . For the summer maize season, ET 0 was most strongly correlated with sunshine hours (r = 0.813, p < 0.01), followed by relative humidity (r = −0.738, p < 0.01) and wind speed (r = 0.409, p < 0.01). Average temperature was positively correlated with ET 0 , but the correlation was not significant (r = 0.272, p > 0.05), which showed ET 0 increasing with the average temperature increasing but the influence of average temperature on ET 0 was not obvious. ET 0 decreased during the summer maize season at a rate of 26.9 mm decade −1 (Table 7) , which was less than that during winter wheat season for the decrease of ET 0 was mainly influenced by the decrease of wind speed and sunshine hours. The Pearson correlation coefficient r was used to evaluate correlations between meteorological variables and ET0, and the correlations varied between seasons (Table 9 ). For the winter wheat season, ET0 was most strongly correlated with wind speed (r = 0.696, p < 0.01), followed by relative humidity (r = −0.585, p < 0.01) and sunshine hours (r = 0.553, p < 0.01). The correlation coefficient between ET0 and average temperature was −0.261 (p > 0.05), indicating that temperature did not strongly influence ET0. This result reflects the 'Evaporation paradox' phenomenon, which was also reported by Zhang et al. [43] and Ma et al. [44] . In general, increasing average temperature and decreasing wind speed and sunshine hours caused ET0 to decrease at a rate of 45.5 mm•decade −1 (Table 7) . For the summer maize season, ET0 was most strongly correlated with sunshine hours (r = 0.813, p < 0.01), followed by relative humidity (r = −0.738, p < 0.01) and wind speed (r = 0.409, p < 0.01). Average temperature was positively correlated with ET0, but the correlation was not significant (r = 0.272, p > 0.05), which showed ET0 increasing with the average temperature increasing but the influence of average temperature on ET0 was not obvious. ET0 decreased during the summer maize season at a rate of 26.9 mm decade −1 (Table 7) , which was less than that during winter wheat season for the decrease of ET0 was mainly influenced by the decrease of wind speed and sunshine hours. In general, a decrease in ET 0 reduces crop water demand, whereas decreased precipitation increases the required irrigation level. Irrigation level was positively correlated with ET 0 and negatively correlated with precipitation during both growing seasons. The correlation between irrigation and ET 0 was significant during different growth seasons, whereas the correlation between irrigation and precipitation was significant during the winter wheat season only (Table 10 ). The decreasing trend of ET 0 was significant at the 0.01 level while that of precipitation was not significant (Table 7) , which finally resulted in the decreasing irrigation in the study area. 
Discussion
Validation and Uncertainty Analysis
Accurate simulation of crop PET and irrigation water requirement (IWR) is important for rational use of water resources in agricultural watersheds. Crop and soil parameters in the SWAT model may greatly influence simulated PET and IWR. Thus, sensitivity analyses were conducted for these parameters using the LH-OAT method to evaluate their influences on simulated PET and IWR (Table 11) .
Soil moisture can have a large impact on crop PET and IWR, but compared with crop parameters, the influence of soil parameters on crop PET and IWR was small. Among the tested soil parameters, only bulk density and soil AWC were influential. Changes in clay, silt, and sand contents had almost no impact on crop PET or IWR, possibly because there was no water stress.
Crop PET and IWR were greatly affected by crop growth status (reflected by LAI). The LAI curve included six parameters with varying influences on PET and IWR. FRGRW1 had the largest influence on simulated PET, followed by BLAI; and IWR was most strongly affected by FRGRW1, followed by DLAI. Based on these results, crop and soil parameters, particularly FRGRW1, BLAI, and DLAI, should be carefully calibrated and validated based on field data for accurate PET and IWR simulations.
Uncertainty of these parameters will lead to uncertainty of estimated PET and IWR. The model was run over 300 times while changing the values of crop and soil parameters within realistic ranges. The 95% confidence interval (CI) for simulated PET and IWR of winter wheat was (379, 557) and (165, 432), and that for summer maize was (321, 497) and (0, 255). For winter wheat, simulated PET ranged between 374 and 555 mm and simulated IWR ranged between 174 and 442 mm from 1969 to 2010. For summer maize, simulated PET ranged between 271 and 467 mm and IWR ranged between 0 and 253 mm. Almost all of the estimated results given in Section 3 were within these 95% CIs (Table 12) , which represent all possible results given the uncertainty of crop and soil parameters. These results provide comprehensive information for the sustainable use of water resources. 
Uncertainty of the Results
According to simulated hydrologic variables and water demand of cropping systems at the field scale, appropriate irrigation schedules should be developed for rational use of water resources in arid areas. However, there are some limitations for the establishment of water-saving irrigation schedules.
Simulated crop growth was overestimated during the senescence stage, which influenced simulated ET. For example, the average simulated PET for winter wheat from 1992 to 2009 in this study was 442 mm; based on observational data in YCES, Chen et al. [45] reported an average PET of about 457 mm during the same period. For summer maize, average simulated PET was 405 mm in our study and 300-400 mm in Chen et al. [45] . As crop PET is the main basis for irrigation schedules, this overestimation will result in some inaccuracies in the development of water-saving irrigation schemes, especially in areas with water shortages. Though crop growth estimations have been improved in new versions of SWAT [46] , model parameters should be carefully calibrated and validated based on field data to effectively guide irrigation management.
Irrigation is essential to crop growth in arid regions, and effective irrigation management is critical for sustainable and effective water use. Irrigation impacts hydrologic balance, and the SWAT model can simulate hydrologic processes resulting from different irrigation schedules specified by users. However, SWAT models irrigation strategies without considering future meteorological conditions, which may result in high irrigation during years with abundant precipitation. For example, average precipitation was 675 mm in 1974 and the simulated irrigation level under full irrigation was 576 mm because irrigation sometimes occurred before rain events ( Figure 12 ). In practice, farmers set irrigation schedules according to meteorological forecasts before crops are irrigated.
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Credibility of Results
Our results indicate that the annual irrigation requirements of the winter wheat-summer maize system under Scenario 1 decreased from 1969 to 2010, which is consistent with the study of Liu et al. [6] . Similar results have also been found in regions near our study area. Hu et al. [47] reported a decrease in IWR for winter wheat in the northern part of the North China Plain (NCP) from 1981 to 2010, and Huan et al. [48] reported a decrease in irrigation requirements for summer maize from 1980 to 2014 in the middle of Shandong Province.
This study showed that the decreasing of wind speed and sunshine hours and the increasing of average temperature and relative humidity resulted in the decreasing trend of ET 0 , and thereby winter wheat and summer maize irrigation requirements decreased. Wind speed had the strongest correlation with winter wheat ET 0 . Similarly, Zhang et al. [39] reported a strong correlation between wind speed and ET 0 in the Yellow River Basin, with correlation coefficients ranging from 0.66 to 0.99. During the summer maize season, ET 0 was most strongly correlated with sunshine hours in this study. Likewise, Song et al. [49] reported that net radiation was the most important factor influencing ET 0 in the NCP. Temperature was not a dominant factor in either season, which could be similarly found in the study of Zhang et al. [39] .
Annual irrigation requirement exhibited large annual variation, mainly due to corresponding variations in precipitation and ET 0 . The CV values for ET 0 and precipitation were 0.12 and 0.33, respectively. Irrigation was mainly necessary during the winter wheat season, which influenced the amount of and variation in annual irrigation requirements for the winter wheat-summer maize cropping system.
Annual variation in crop PET has been discussed in many studies, but few have focused on crop water consumption under deficit or no irrigation. In this paper, the decrease in ET under Scenario 1 was similar to results reported by other researchers. However, some studies have reported different rates and/or direction of the ET trend, and these differences may be due to the estimation method and scale. For example, based on observational data in YCES, Chen et al. [45] reported that ET decreased from 1992 to 2009, with rates of 20.8 and 20.2 mm·decade −1 for winter wheat and summer maize, respectively. Liu et al. [50] estimated ET for winter wheat and summer maize in North China from 1950 to 2000 as the product of the crop coefficient and ET 0 ; their results suggested that, in most locations, ET for winter wheat and summer maize significantly decreased over the past 50 years, with rates of 0.9-19.2 mm and 8.3-24.3 mm per decade, respectively. Yang et al. [51, 52] reported that ET for winter wheat and summer maize in the Huang-Huai-Hai Plain calculated by SIMETAW (Simulation Evapotranspiration of Applied Water) significantly decreased from 1960 to 2009. Winter wheat and summer maize ET also decreased under Scenarios 2 and 3 in this study, though the trends were not significant. Under Scenario 1, crops grew under optimal condition and the decreasing trend in ET was similar to that of ET 0 . Lower irrigation levels result in more severe water stress and more obvious differences between crop ET and ET 0 .
Seepage and surface runoff mainly occurred during the summer maize season, and runoff during July and August accounted for 70% of the annual total [6] . Increased irrigation levels generate more seepage, wetter soil, and more surface runoff. Surface runoff during the summer maize season should be fully utilized to compensate for water deficits, which mainly occurred during the winter wheat season in our study area.
Conclusions
We used the SWAT2000 parameterized by Liu et al. [6] to simulate the water balance and water demand of a winter wheat-summer maize agro-ecosystem under different irrigation scenarios in an irrigation district of the Lower Yellow River Basin, a primary grain production region of China.
From 1969 to 2010, the average annual irrigation level under Scenario 1 (full irrigation) was the highest among the three irrigation scenarios. Average annual ET, field seepage, and surface runoff decreased with reduced irrigation level.
Under the effects of various meteorological variables, average annual irrigation and crop ET under Scenario 1 significantly decreased over the study period. The intensity and duration of precipitation, as well as soil characteristics, influenced field seepage and surface runoff. Field seepage and surface runoff occurred more frequently in years with high precipitation and during the summer maize season.
The main factors causing annual variation in hydrological processes during different crop growing seasons were characterized. Irrigation and ET were dominant factors during the winter wheat season, whereas field seepage and surface runoff had the strongest influence during the summer maize season.
According to the above results, agricultural water cycles can be regulated to achieve sustainable and efficient water use in water-shortage areas. For example, if all winter wheat-summer maize planting systems in irrigation districts along the Lower Yellow River Basin are irrigated under full levels, 64.8 × 10 8 m 3 of water will be required. This amount is equal to about 16% of the annual runoff volume at the Huayuankou Hydrological Station, which is located at the uppermost part of the Yellow River in the study area. It is impossible to irrigate all crops under full irrigation due to serious shortages in water availability from the Yellow River. Furthermore, full irrigation is not always necessary, as frequent and heavy irrigation does not always lead to high WUE. As winter wheat-summer maize is the main cropping pattern in the study area and water deficit mainly occurs during the winter wheat season, it is necessary to properly irrigate winter wheat based on soil water content and make full use of precipitation and surface runoff during the summer maize season. This strategy will help to cope with the limited water resources of the irrigation districts along the lower reaches of the Yellow River.
